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Left ventricular
(LV) size in childhood closely parallels body size, whereas in adulthood LV mass is increasingly affected by effects of obesity, hypertension, the level of cardiac volume load, and the level of LV myocardial contractility.
Recently, additional independent associations of diabetes, arterial structure and function and as yet unknown genes with higher LV mass have been defined; angiotensin II and insulin have also been suggested to be additive stimuli to LV hypertrophy.
Consideration of the level of LV mass and of the LV wall thickness/ chamber radius ratio (relative wall thickness) has identified four different geometric patterns of LV adaptation to hypertension, including concentric LV hypertrophy (increased mass and wall thickness), eccentric hypertrophy (increased mass, normal relative wall thickness), concentric remodeling (increased relative wall thickness with normal mass) and normal LV geometry. Concentric hypertrophy is associated with especially high arterial pressure while eccentric hypertrophy is associated with obesity and elevated volume load. Numerous studies show that increased LV mass predicts cardiovascular events and death independently of all conventional risk factors; initial studies have also identified adverse implications of low LV midwall function and high relative wall thickness. Pioneer studies strongly suggest that reversal of LV hypertrophy is associated with an improved prognosis. (Hypertens Res 1999; 22: 1-9)
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Since the mid 1970s, methods to measure left ventricular (LV) mass by echocardiography or by other techniques (1) have been used to show that LV hypertrophy (LVH) is more prevalent, more heterogeneous in its anatomic and pathophysiologic patterns, and a stronger determinant of outcome in hypertensive patients than was previously recognized. In this article, we will examine stimuli of hypertensive LVH, review its geometric patterns, and discuss the consequences of LVH with respect to cardiac function and outcome.
Stimuli Promoting
The LV normally grows continuously from infancy until adulthood (2), with cellular enlargement (hypertrophy) accounting for most of the increase in size. Further increases, or at times decreases, in LV muscle mass may occur due to physiologic or pathologic alterations in hemodynamic load. In apparently normal individuals, the closest correlate of LV mass is body size in both children and adults (2-3). Body size has traditionally been taken into account by indexing LV mass for body surface area. This method of LV mass indexation is useful in detecting LVH due to hypertension, but may misclassify obesity-induced LVH as normal (4). A physiologic approach to the problem imposed by obesity is to index LV mass for lean body mass (5), but this is impractical for routine purposes. Alternatively, body height to the power of its allometric (or growth) relationship with LV mass can be used to index the latter variable (6). After puberty, men have a larger LV mass than women in relation to body size. LV mass/body surface area or height2.7 are 10% to 20% greater in normal men than women. This difference parallels the sex difference in lean body mass and may reflect genetic, hormonal, or exercise effects that influence both skeletal and heart muscle. Relations between age and LV dimensions or mass are either absent or weakly positive -especially in women -in normal adults. Thus, body size and sex need to be taken into account when establishing upper normal limits for LV mass, while age in women and systolic blood pressure in the normal range contribute minimally to multivariate predictive models. In addition to demographic factors, hemodynamic variables play an important role in determining LV mass. Our understanding of the full impact of blood pressure on the heart has been enhanced by use of ambulatory blood pressure monitoring. LV muscle mass or wall thicknesses are more closely related to 24-h than to casual blood pressures (7) . A study in an employed population revealed that both ambulatory blood pressure and LV mass were higher in subjects with jobs characterized by high "job strain" (i.e., high psychological job demands and low decision-making latitude) (8), a variable that is in turn related to an increased risk of cardiovascular morbidity. In a study of normotensive and hypertensive adults (9), patients with concentric LV hypertrophy (increased LV mass and relative wall thickness) had the highest daytime and work systolic and diastolic pressures, while those with eccentric hypertrophy [a geometric pattern associated with increased cardiac output (10)] had significantly lower ambulatory than clinical pressures. Exaggerated blood pressure increases during usual physical activity may also contribute to the development of LVH.
Numerous studies have shown that obesity is associated with increased LV mass (3-4, 11). High salt diets have also been linked to hypertensive LVH (12) . Both of these factors may increase LV stroke volume, thereby increasing LV chamber volume and predisposing to eccentric LVH. The important role of volume load in the pathogenesis of hypertensive LVH is underscored by the fact that LV chamber size and stroke volume are more closely related than systolic pressure to LV mass in normotensive and mildly hypertensive humans (13, 14) as well as in a general population sample (15) . In addition to hemodynamic pressure and volume load, LV mass is affected by a negative relation between LV contractility and myocardial mass (13-15). In a recent epidemiologic study, we found that almost half of the variability in LV mass is associated with inter-individual differences in stroke volume, LV contractility, systolic blood pressure, body mass indexes, and gender (15).
Non-Hemodynamic Stimuli Promoting LV Hypertrophy
Considerable attention has been devoted recently to the possible contribution of non-hemodynamic factors to LVH. The concept that activity of the adrenergic system, renin-angiotensin system, or both may modulate myocardial hypertrophy is of intense biological interest, based initially on experimental studies that we have discussed previously (16) . Lack of well-tolerated, potent a-adrenoceptor antagonists as antihypertensive agents has limited human research on the contribution of sympathetic overactivity to LVH. In contrast, several cross-sectional human studies have found associations between circulating angiotensin II levels and LV mass (17) (18) (19) , and clinical trials have suggested that angiotensin-converting enzyme inhibitors may be especially effective in inducing regression of human LVH (20, 21) . However, an independent role of circulating or intracellular renin-angiotensin systems in hypertensive LVH remains unproven because of conflicting observations (22) .
Another stimulus to LVH that has been identified relatively recently is altered insulin and glucose metabolism. Evidence has been obtained that insulin may be a myocardial growth factor (23) . In addition, large epidemiologic studies have shown that adults with diabetes have higher LV mass, independently of other stimuli to LVH (24, 25) . This relationship may be especially important in view of the increasing prevalence of diabetes in many populations, due at least in part to popularization of "heart -healthy" high carbohydrate diets .
Increasing evidence from phenotypic studies documents genetic influences. Normotensive offspring of hypertensive parents have greater than normal LV mass (26) , but this may be related to higher 24-h blood pressure levels (27) . Twin studies have shown an influence of heredity on LV mass, which is decreased but still significant after blood pressure, body size, and physical activity are taken into account (28) (29) (30) . Of even greater importance, three major epidemiologic studies have shown that LV mass is substantially heritable, independent of the effects on LV mass of hemodynamic factors, body build, gender, age, and diabetes (31) (32) (33) . With addition of the contributions of diabetes and of phenotypic heritability, at least 60% of the variability of LV mass appears to be explained by demographic and hemodynamic factors, diabetes, and as yet unexplained phenotypic heritability.
Increased LV Mass as a Precursor o f Hypertension
The possibility that LVH might not only be a consequence of hypertension but could also precede it was first raised by the observation that baseline LV mass in children and adolescents contributed independently to predicting their blood pressure 4 yr later (34) . To assess whether this also occurred in adults, we compared baseline findings in 117 normal subjects who remained normotensive and diseasefree 5 yr later with those in 15 individuals from the same population in whom borderline hypertension developed (35) . The strongest predictor of subsequent hypertension was initial LV mass, with additional independent prediction by the 24-h urinary sodium/potassium excretion ratio (35) . Subsequent studies (36, 37) have confirmed the ability of high baseline values of LV mass to predict subsequent increases in blood pressure, independently of standard risk factors for hypertension. These results raise the possibility that LV mass is more closely linked than is blood pressure to the etiology of hypertension, or conversely that some individuals may have elevated ambulatory blood pressures but normal clinic pressures, a phenomenon we have termed "white coat normotensivn (38) ."
Relation between LV and Arterial Findings
Accurate noninvasive ultrasound imaging of large arteries and the heart has allowed in vivo comparison of human cardiac and vascular structure and of the impact of altered vascular properties on ventricular adaptation. Direct ultrasound measurement of carotid artery structure in untreated, asymptomatic hypertensive patients demonstrates greater abso-lute (0.89±0.21 vs. 0.71 ± 0.15 mm, p < 0.00005) and relative (0.30 ± 0.07 vs. 0.26 ± 0.06, p < 0.005) common carotid artery wall thicknesses than those in matched controls (39) . A significant univariate relation between carotid and LV wall thicknesses (r = 0 .40, p < 0.005) remained independent in multivariate analyses in which age and blood pressure were taken into account. In that study, vascular hypertrophy was more common than LV hypertrophy (28% vs. 14%) among hypertensive patients. A positive relation between evidence of arterial dysfunction and LV mass in normal adults suggests that vascular hypertrophy may precede or play a role in stimulating LVH (40) . In addition, we have demonstrated a relation between abnormalities of systemic arterial structure and function, on the one hand, and abnormal LV myocardial function, on the other (41) .
Interaction o f Stimuli Promoting Hypertensive LVH Increases in LV mass are stimulated by higher blood pressure or stroke volume, as well as by impaired myocardial contractile performance. Based on evidence of the independent relations of these factors to LV mass, we developed a 3-dimensional diagram in which one can move from a surface representing average normal LV mass to one representing LV hypertrophy due to increases in blood pressure or stroke volume or to decreases in contractile efficiency (13) . This conceptual schema explains why LV mass does not decrease when blood pressure is reduced by vasodilator drugs that increase stroke volume or by isotonic exercise training, and why it remains normal in hypertensive patients with supranormal LV performance. In our initial study, LV mass was better predicted by these three mechanical stimuli in multivariate analysis than by blood pressure alone (R2 = 0.66 vs. 0.20) (13), and the overall R2 can be increased further by additional consideration of factors such as diabetes and phenotypic heritability. Potential additional roles of the adrenergic and renin-angiotensin systems continue to be actively investigated.
Left Ventricular Geometric Patterns in Hypertension
About 5% of patients with mild to moderate essential hypertension have electrocardiographic (ECG) LVH (42) . In contrast, echocardiographic LV mass is increased in from 12% to 30% of relatively unselected hypertensive adults, and in 20% to 60% of patients with uncomplicated hypertension seen at referral centers (43) . These differences reflect in part the known difference in sensitivity for LVH between ECG and echocardiography (44) . In addition, the prevalence of LVH in a particular population is also influenced by selection bias, as patients with both higher blood pressure and more target organ damage are disproportionately referred to secondary or tertiary care centers. While most echocardiographic studies have relied on detection of increased LV mass to identify LVH, we have found it useful to use the LV wall thickness/ chamber radius ratio [relative wall thickness (10)] to subclassify pa-tients into those with concentric or eccentric LVH based on the presence of elevated or normal relative wall thickness (> or <_ .430). Use of the same relative wall thickness in individuals with normal LV mass identifies increased relative wall thickness but normal LV mass in an additional 10% to 15% of uncomplicated hypertensive patients. We have coined the term "concentric remodeling" to describe this previously unrecognized LV geometric pattern (10).
The prevalence of LVH among hypertensive patients is influenced by gender, obesity, and possibly age. Sex-specific criteria for LV mass index identify LVH in more women than men with systemic hypertension. Reasons for this sex difference may include selective elimination of hypertensive men with LVH from populations because of accelerated complications of coronary artery disease as well as the greater increase in arterial pressure from lower levels in normal young women that is needed to meet diagnostic criteria for hypertension. The prevalence of hypertensive LVH, primarily the eccentric form, is increased 1112-to 2-fold by coexisting obesity, whereas the effect of advancing age mostly reflects age-related increases in blood pressure.
Evidence for heterogeneity of cardiac pathophysiologic patterns in hypertension has come from clinical and experimental studies of the clinical and functional correlates of previously described patterns of cardiac geometric adaptation. As shown in Table 1 , blood pressure in hypertensive patients with concentric LVH is principally elevated by increased peripheral resistance with slightly above average normal cardiac output (10). The concentrically hypertrophied heart derives the increased work capacity needed to sustain moderately elevated blood pressure from increased LV mass and the mechanical advantage bestowed by high relative wall thickness despite decreased myocardial contractility (10, 45). In patients with eccentric hypertrophy, increased cardiac output with minimal or no elevation of peripheral resistance supports blood pressure elevation that is milder during normal activity than in the clinic (9, 10). Increased LV mass with normal relative wall thicknesses and roughly normal contractility but increased preload due to plasma volume expansion sustains LV ejection phase performance that is normal at rest but may be subnormal during exercise (10, [45] [46] [47] . Patients with concentric LV remodelling have relatively mild hypertension despite markedly elevated peripheral resistance because cardiac output is subnormal (10). The mechanical advantage associated with high relative wall thickness sustains the pressure load at rest and during activity despite normal LV mass and reduced preload due to diminished plasma volume (45) . Patients with normal LV geometry tend to have mild hypertension with above average normal peripheral resistances, cardiac outputs, or both (10). The mild overload is offset by slightly above average normal LV mass with normal contractility (9, 10, 45). Colan et al. (48) reported that power lifters with concentric LVH and relative wall thickness out of proportion to arterial pressure had supranormal resting LV fractional shortening, whereas runners with eccentric LVH had reduced chamber function.
Thus, pure pressure or volume loads, whether "physiologic" or "pathologic," are similarly matched to patterns of ventricular geometry and function.
Prognostic Implications of Hypertensive Left
Ventricular Hypertrophy ECG LV hypertrophy is well known to predict morbidity and mortality in patients with hypertension (49, 50), in the general population (51), and in catheterized patients with or without coronary artery obstruction (52), but it was uncertain whether these patterns derived their significance from cardiac hypertrophy or from ECG manifestations of myocardial ischemia. This uncertainty has been resolved by the demonstration that increased LV mass is a potent predictor of cardiovascular morbidity and mortality, independent of blood pressure or other risk factors.
In the first of a series of studies (53), we followed up 140 men with initially uncomplicated essential hypertension for 5 yr to determine the incidence of "hard" cardiovascular morbid events (cardiac death , myocardial infarction, stroke, or angina pectoris requiring coronary "bypass surgery). The 29% or 20% of the patients in whom baseline LV mass exceeded 125 g/m2, a partition value for LVH chosen on the basis of previous findings in employed adults (54), had a roughly 4-fold higher rate of morbid events (7 of 29 or 24%) than the men without LVH (7 of 111 or 6%, p < 0.01) (53).
We subsequently extended this study to more than 10-yr follow-up of 280 women and men with initially uncomplicated essential hypertension (55). A LV mass index of more than 125 g/m2 strongly predicted all-cause mortality and cardiac death as well as myocardial infarction or the need for coronary revascularization. Considered as a continuous variable, LV mass index eliminated all conventional risk factors except age from multivariate models; after age adjustment, LV mass remained a strong predictor of adverse cardiovascular events. Subdivision of patients into groups with the four LV geometric patterns described above revealed that those with concentric LV hypertrophy (increased LV mass and relative wall thickness) had the highest rates of allcause mortality and cardiovascular morbid events, while patients with eccentric hypertrophy (increased LV mass alone) or concentric remodelling (increased relative wall thickness alone) had rates of morbidity that fell between those of patients with concentric hypertrophy and the low-risk group with normal LV geometry (55). Further analyses during up to 15 yr follow-up revealed an especially adverse outcome in patients with a LV mass index of more than 175 g/m2 (56).
Other studies have confirmed and extended these findings by demonstrating that LV mass is a strong predictor, independent of blood pressure or other risk factors, of cardiac and cerebrovascular morbidity and mortality among middle-aged and elderly women and men in the general population (57-59), among patients with diverse forms of heart disease including hypertension (60-63), and among catheterized patients with and without coronary artery disease (64). A report from the Framingham Heart Study documented that LV mass strongly predicted all-cause and cardiac death and coronary heart disease events in adults older than 40 yr, and noted that "only LV mass index and age were strong and consistent predictors of all three outcome events in all age and sex subgroups" in analyses that included conventional risk factors (59) . Of note, the same level of indexed LV mass (140 g/m of height) identified high-risk status in both women and men (59), similar to our finding that a LV mass of more than 125 g/m2 predicted death or morbid events equally in both sexes (55). In another important study, Ghali et al. (64) documented that increased as opposed to normal LV mass predicted subsequent mortality more strongly (odds ratio = 3.7) in catheterized patients without obstructive coronary artery disease than in those with stenosis of large coronary arteries (odds ratio =1.9).
One mechanism by which LVH may predispose to cardiac morbidity is by its association with systemic vascular hypertrophy and atherosclerosis (39, Performance of the Hypertrophied Left Ventricle Echocardiography and radionuclide angiography make it possible to assess LV functional characteristics in unselected hypertensive patients. In most patients with mild to moderate hypertension, LV systolic performance at rest is normal or mildly increased. Supernormal LV ejection fraction or fractional shortening in patients or experimental animals with mild hypertension and little or no LVH has been interpreted as reflecting enhanced myocardial contractility (70) (71) (72) , whereas marked concentric LVH in severely hypertensive patients facilitates LV contraction by reducing wall stress (73) . However, a conceptual mismatch exists in analyses relating chamber size or shortening at the endocardium to the mean level of end-systolic wall stress, which is applied approximately at the LV midwall (74) . When midwall-shortening-end-systolic stress relations were analyzed in relatively unselected hypertensive patients, patients with concentric LVH had decreased myocardial contractility and no significant hypercontractility was observed in patients without LVH (45) .
Many hypertensive patients have normal resting LV function but abnormal ejection fraction responses to exercise (44, 75) . We have found that abnormal exercise responses of both LV ejection fraction (46) and pulmonary capillary wedge pressure were associated with eccentric LV hypertrophy and with obesity, a cause of LV volume overload. initially uncomplicated essential hypertension who remained free of morbid events for approximately 5 yr between a baseline and follow-up echocardiogram, we found a higher risk of subsequent cardiovascular events in those in whom LV hypertrophy persisted or developed despite treatment than in those in whom LV mass remained normal or fell (76) . In a cooperative study from Eastern Europe, Yurenev et al. (77) found that failure to decrease LV mass from baseline to the end of study or to the last annual echocardiogram before complications occurred was strongly associated with the occurrence of morbid events. The third study of this question, by Levy et al. (78) , assessed 524 participants in the Framingham study (48% women, nearly all white). Subjects all had LVH recognized by one or more of multiple ECG criteria; Cornell voltage (RaVL + SV3) at baseline and its change over 2-yr inter-examination intervals were related to cardiovascular events over the course of up to 18 2-yr follow-up periods (mean = 5 .1). Cornell voltage was used as the measure of LVH in both baseline and follow-up studies. Age, BP, serum cholesterol level, diabetes, smoking, and baseline ECG voltage and repolarization were considered confounders. Comparison of groups that increased or decreased by a quartile of Cornell voltage -each about 25% of subjects -showed (Table 2 ) that individuals with increases in Cornell voltage were approximately twice as likely to suffer morbid events during 2-yr follow-up as those in whom voltage decreased.
The fourth relevant study, by Muiesan et al. (79) , followed 151 white patients (42% women) who had initially uncomplicated hypertension. Echocardiograms at baseline and at recall 7 to 13 yr later (mostly before, but sometimes after, morbid events) were read blindly; intervening echocardiograms obtained for clinical purposes were also assessed. Other confounders taken into consideration were age, gender, body mass index, diabetes, blood lipids, and BP at baseline and the end of the study. Similar to the other studies, the presence of LVH on the follow-up echocardiogram was the factor most strongly related to morbid events; in addition, similar low rates of morbid events were observed in patients in whom baseline LVH regressed and in those with persistently normal LV mass ( Table 2) .
The fifth study of this topic, by Verdecchia et al. To summarize this topic, available data demonstrate a relatively consistent relation between LVH regression, with 50% or greater apparent reductions in the likelihood of cardiovascular events in the presence of a favorable change in LV mass, either as a categorical shift across a dividing line between "normal" LV mass and LVH or as an absolute decrease as opposed to an increase in LV mass. This has been observed in observational studies of a population cohort (78) and of hypertensive patients (76, (79) (80) , and in a trial of antihypertensive therapy (77) . However, study populations have been relatively small, ranging from 151 to 524 individuals, almost entirely white and predominately male. The single treatment trial compared /9-blocker-and diuretic-based treatment regimens, but did not specify the drugs added thereto. The available analyses have not modeled the mathematical relation between the change in LV mass or in ECG indices thereof and the proportionate or absolute change in the risk of subsequent morbid events, thus not meeting one important criterion for establishing LV mass as a surrogate end-point in hypertension trials (81) (82) (83) .
Role of Cardiovascular Hypertrophy in the Evolution of Hypertensive Disease
Hypertension and other risk factors, especially elevated cholesterol and glucose levels and cigarette smoking, help predict premature mortality and nonfatal morbid events, and their control variably reduces the incidence of events. However, the ability to predict risk and to reduce it by control of hypertension or other risk factors are both imperfect. These limitations occur in part because the progression from risk factor exposure to morbid events depends on the variable likelihood that individuals exposed to the same risk factors will progress through two stages: 1) the development of asymptomatic or "preclinical" anatomic and functional cardiovascular disease in response to standard risk factors and other variables, and 2) the precipitation of morbid events by progression of preclinical disease or by the action of additional "triggering" mechanisms in the presence of preclinical disease (84, 85) . Advances in diagnostic methodology now allow noninvasive detection of LVH or other manifestations of preclinical disease, such as carotid atherosclerosis or renal dysfunction, in many asymptomatic individuals. Progress in elucidating stimuli that promote LVH and in defining its independent prognostic significance demonstrates that focusing separately on these two stages of disease evolution is a fruitful research strategy and may also be valuable in guiding clinical care. The closer relation of measures of preclinical disease rather than conventional risk factors to the subsequent risk of complications indicates that their detection improves clinical risk stratification. However, whether clinical outcome is improved or treatment cost is lowered by basing antihypertensive or antihyperlipidemic treatment decisions in part on the presence of LVH or other measures of preclinical cardiovascular disease needs to be tested before this strategy becomes the standard of care. 
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